Abstract: Two terpolymers of styrene, divinylbenzene, and 1-vinylimidazole (S/DVB/VI) or N-vinylpyrrolidinone (S/DVB/NVP) were prepared by radical polymerization. Palladium nanoparticle catalyst has been "heterogenized" by anchoring to these polymers the [PdCl 2 (PhCN) 2 ] complex via ligand exchange reaction. The formation of coordination bond between S/DVB/VI, S/DVB/NVP terpolymers and Pd 2+ ions was studied using infrared and XPS. Immobilized palladium complex was reduced during hydrogenation reaction or by reaction with sodium borohydride. Characterization of polymer supports and palladium catalysts has involved the measurements of the structural parameters in the dry state by the nitrogen BET adsorption, X-ray photoelectron spectroscopy (XPS), AAS spectroscopy and time-of-flight secondary ion mass spectrometry (TOF-SIMS). Both the catalytic systems were found efficient in the hydrogenation of cinnamaldehyde. The stability and a good recycling efficiency of these catalysts make them useful for prolonged use. The factors influencing selectivity of supported catalysts were discussed. The results offer the possibility of using these terpolymers for the immobilization of metal complex catalysts for hydrogenation and other catalytic reactions.
Introduction
Over the past three decades there has been a continuing interest in exploring transition metal complex catalysts immobilized on polymeric organic matrices. Although there are many advantages in using metal complexes in synthesis, the problems of metal extraction make them less than ideal for use in applications where contamination of the product with heavy metals is highly undesirable. The most widely employed for laboratory use supports, namely phosphinated polystyrenedivinylbenzene copolymers have some serious disadvantages for industrial applications. The phosphorus-carbon bond in phosphine ligands is rather labile and it can be attacked by the metal center, resulting in a breakage of this bond [1] . Furthermore, aryl phosphines are easily oxidized by oxygen or peroxides; this will lead to depletion of the phosphine ligand and leaching or deactivation of the catalyst. These problems can be solved to some extent by stronger binding of the metal complex to the polymer matrix. Thus strongly binding ligands or chelating units may be incorporated into the polymer during its chemical modification. Also immobilization of metal nanocluster particles onto polymer supports without reducing their activity is of great importance for practical utilization of the catalysts. Organic polymer supports have been widely used for the immobilization of metal nanoclusters, since they can be easy functionalized. Nanoclusters supported on functional synthetic resins do work in the environment of swollen polymer gel, that is very different from the surface of conventional inorganic materials [2] . Polymer-stabilized metal nanoclusters have been prepared by three step synthetic route: (1) synthesis of a suitably functionalized polymer; (2) immobilization of the metal nanoparticle precursors; (3) generation of metal nanoparticles within the polymer [3] . Chemical reduction of the metal centers dispersed inside the polymer network of functional resin generates nanoclusters, the growth of which is blocked by the microporous surface of the polymer support. Nanomorphology affects the accessibility of the interior of the swollen resin and consequently both the conditions for the formation of catalytic sites (incorporation of metal cluster precursors and generation of metal nanoclusters by reduction) and catalytic properties of the supported nanoclusters (diffusion of reaction species to/from catalytic sites) [4] .
N-Vinyl-2-pyrrolidinone polymers have been extensively used, especially in the pharmaceutical, cosmetic and food industry as well as for numerous technical applications [5] . The unique feature of polymers containing N-vinyl-2-pyrrolidinone moiety has been attractive in the chemical and material fields because of the combination of properties including solubility both in water and in a range of organic liquids, high complexing ability towards many types of organic and inorganic compounds, very low toxicity, protective-colloid action, film-forming ability and adhesive qualities [6, 7] . Vinylpyrrolidinone repeating units contain a highly polar disubstituted amide group coupled with apolar methylene and methine groups, bearing this respect a structural similarity to amphiphilic solvents as N,N-dimethylacetamide, N,N-dimethylformamide, and N-methylpyrrolidinone. The dipolar amide group has a different environment at each end, the oxygen atom is exposed while the nitrogen end is masked by the surrounding methylene and methine groups. Due to its chemical structure, vinylpyrrolidinone polymers form complexes with numerous low molecular weight compounds as well as with many polymers. However, to our knowledge, only a few catalysis applications have been reported. So far, the only applications of these polymers on catalysis field are limited to protecting and particle size controlling of transition metals colloids [8, 9] . For example, high enantioselectivities in the hydrogenation of methyl pyruvate (97.6% e.e.) were observed with poly(N-vinyl-2-pyrrolidinone)-stabilized 14 Ǻ diameter Pt clusters modified with cinchonidine [10] . Another case of Pt colloid of controlled size with the assistance of poly(N-vinyl-2-pyrrolidinone) was reported by Yang and Somorjai [11] . Rhodium nanoparticles stabilized by the ionic-liquid-like copolymer poly[(N-vinyl-2-pyrrolidone)-co-(1-vinyl-3-butylimidazolium chloride)] were used to catalyze the hydrogenation of benzene and other arenes in ionic liquids [12] . Cu(I) and Cu(II) species anchored on copolymers of N-vinyl-2-pyrrolidinone with 2,3-epoxypropyl metacrylate and methylenebisacrylamide were used as catalysts for the oxidation of 2,6-xylenol [13] .
1-Vinylimidazole moiety contains two active centers: a lone electron pair of N atoms, which exhibits donating properties, and an unsaturated π-system of heterocycle, which is characterized by withdrawing properties [14, 15] . Such combination of acidic and basic units in a polymer chain imparts the macromolecules highly interesting acid-base and complexing properties [16] . The interaction between the imidazolecontaining polymer and transition metal has been studied [17, 18] , Ni 2+ and Zn 2+ at pH>2.5 [20] . Although an extensive chemical literature on the application of 1-vinylimidazole functionalized polymers as polymeric dyes, ionexchange resins, biologically active macromolecules, drug carriers and quenching media [21] , few studies have been published in which such polymers are employed as catalysts supports. For example, Cu(II) complexes of poly(styrene-co-Nvinylimidazole) have been used as catalysts for oxidative coupling of 2,6-xylenol under homogeneous conditions [22] .
In continuation of our study on polymer-supported transition metal complexes [23] , in this work we were concerned with the investigation of the effect of a polymer matrix structure on the catalytic behaviour of the immobilized systems. With this aim we investigated the applicability of two novel microporous functional resins as supports for palladium complex catalyst and palladium nanoncluster catalyst. These supports were prepared by copolymerization of styrene and divinylbenzene with Nvinylpyrrolidinone and 1-vinylimidazole monomers. Palladium complex PdCl 2 (PhCN) 2 was coordinated to pyrrolidinone and imidazole groups within S/DVB/NVP, S/DVB/VI terpolymers and subsequently reduced during hydrogenation reaction or by immersion of metal loaded polymer in aqueous sodium borohydride solution before catalytic tests. Particular attention was paid to the selectivity of the reaction in order to correlate the physico-chemical properties of the polymer-supported catalysts and microenvironment of the catalytic sites, with their catalytic properties. Special emphasis has also been stressed on the characterization of catalysts stability during their prolonged use.
Results and discussion

Characterization of the polymer supports and immobilized Pd catalysts
The most widely employed supports for the attachment of transition metal complex catalysts are styrene and divinylbenzene copolymers. Their popularity arises from a rich selection of methods, which can easily incorporate the functional groups and can change their physical structure. For our study, we decided to chose as support, a two polymers functionalized with imidazole and pyrrolidinone groups. We have prepared two types of terpolymers namely: S/DVB/VI, S/DVB/NVP, by free-radical polymerization in the presence of 2,2'-azobisisobutyronitrile initiator. Chemical composition of S/DVB/VI and S/DVB/NVP random terpolymers was proven by their solid-state 13 C NMR spectra given in Figure 1 and 2. No attempt has been made to assign all individual resonances in the rather complicated multiplets from the both terpolymers. The average molar share of VI and NVP monomer units was calculated from a and b peak area of -CH 2 -group in the DVB unit and c peak of corresponding =CH-group in VI and NVP units, for spectra presented at Fig. 1 . and Fig. 2 ., respectively. Elemental analysis proved the proportions of VI and NVP units, presented in Experimental Section.
FTIR spectra of the polymers also confirmed these structures. Figure 3 shows IR spectrum of S/DVB/VI terpolymer. The characteristics imidazole ring peaks appear at 3112 cm -1 (C=C-H/N=C-H stretching), 1496 cm -1 , 1512 cm -1 (C-C/N-C stretching), 1228 cm -1 (ring vibration), 1105 cm -1 (in-plane ring C-H bending), 958 cm -1 (out-of plane ring C-H bending), and 665 cm -1 (torsion stretching) [24] . The FTIR spectrum of S/DVB/NVP (Fig. 4 .) confirms the presence of pyrrolidinone ring in the backbone of the polymer. Absorption band at 1680 cm -1 is ascribed to the stretching vibration of C=O group of lactame ring, and a band at 1287 cm -1 , which is assigned to the C-N stretching [25] .
Fig. 1.
13
C NMR spectrum of S/DVB/VI terpolymer.
Fig. 2.
13
C NMR spectrum of S/DVB/NVP terpolymer.
The metal was introduced in the copolymer support by reaction of the polymer-bound functionalities with complex precursor. The immobilized active metal species (L-PdCl 2 ) were prepared by routine ligand exchange procedure by treating the copolymers, S/DVB/NVP and S/DVB/VI, with a solution of palladium complex precursor PdCl 2 (PhCN) 2 . Time-of-flight secondary ion mass spectrometry (TOF-SIMS) and atomic absorption spectroscopy (AAS) techniques were used to determine the palladium loading in the catalysts before and after catalytic tests and results are summarized in Table 4 . The site of the palladium coordination was established by infrared and X-ray photoelectron spectroscopy. It can be proposed that the reaction between terpolymers and Pd(II) complex involve the PhCN ligands exchange, which was confirmed by absence of characteristic absorption band of C≡N group in the both catalysts spectra. The changes in the intensity ratio of the imidazole ring of the S/DVB/VI polymer after complexation with palladium precursor shown in Fig. 3b ., may be associated with some change of the imidazole orientation by the Pd(II) giving rise to the frequency change of the ring stretching vibration and indicate that the site of the metal coordination is the =N-atom of imidazole ring. Immobilization of Pd(II) on S/DVB/NVP was also confirmed by IR studies. Coordination of palladium precursor resulted in some changes in IR spectrum (Fig. 4b.) . The incorporation of Pd(II) caused the pyrrolidinone carbonyl group to shift to 1699 cm -1 , and the formation of a new absorption peak at 1730 cm -1 . This indicates that the palladium complex is bonded to S/DVB/NVP terpolymer through the carbonyl oxygen. The shift of C-N group vibrations band to higher wave number, from 1287 cm -1 to 1295 cm -1 , may also suggest an interaction, between the nitrogen atom of pyrrolidinone ring and the transition metal [26] . The IR spectra of polymer supported palladium catalysts are consistent with the results from XPS measurements. The observed at XPS spectra ( The XPS data summarized in Table 1 clearly show that both nitrogen and carbonyl oxygen of pyrrolidinone ring participate in the palladium linking to the S/DVB/NVP support. This was proved by the decrease of the binding energy (BE) for N 1s (from 399.8 eV to 399.6 eV ), O 1s (from 532.8 eV to 532.6 eV) electrons after the palladium precursor attachment. The two BE components (399.6 and 398.4 eV) at the N 1s spectrum of S/DVB/VI polymer can be attributed to the amine (-N-H) and imine (=N-) nitrogen of the imidazole ring, respectively. The differences in these BEs components between polymer and anchored palladium catalyst appear to be similar. This result indicates that both nitrogen atoms in imidazole ring can participate in the metal coordination to the polymer matrix. XPS spectra of N 1s in the NaBH 4 reduced or recycled S/DVB/VI-Pd(II) catalyst (not presented here) indicated a decrease in the content of co-ordinate, nitrogen atoms, and an increase in the intensity of the free nitrogen atoms peaks. This may be due to the partial breakage of the N-Pd bond which can give rise to free imidazole ring (Scheme 1). As this catalyst is found to possess good recycling efficiency and stability, the reduced palladium active sites are assumed to be well stabilized within the polymer matrix [27] .
Scheme 1. Reduction of S/DVB/VI-Pd(II) catalyst.
The recovered S/DVB/NVP and S/DVB/DVB/VI palladium supported catalysts after a hydrogenation reaction (i.e. H 2 reduced) contained both Pd(II) and Pd(0) species, while NaBH 4 reduced catalysts showed only the presence of Pd(0) active sites. From the measurement of Pd 3d binding energy it is clear that in the fresh prepared catalysts the palladium is present in the Pd 2+ form. After reduction with NaBH 4 or activation with hydrogen during reaction test, this is reduced to the monovalent metastable species with the binding energy larger than that of Pd metal [28] . This valence state is referred to as palladium clusters [29] . After five catalytic cycles both type of prepared catalysts contain palladium in two valence states: palladium clusters and palladium metal.
Morphology studies and characterization of Pd nanoclusters
The catalytic performance of polymer supported nanoparticles depends on both the nano-environment surrounding the active centers and their accessibility. The nanoporosity of the polymer support can significantly affect the concentration of reagents and products inside of micropores with potentially influence on catalytic specifity and selectivity, for example, can exert a size-selectivity effect. The final step in the preparation of polymer-supported palladium catalysts was the generation of the nanoparticles within the polymer, which was accomplished by reduction of the polymer-bound palladium precursor. The growth of the metal nanoparticles during reduction becomes limited by the steric restrictions imposed by support nanoscale morphology. Therefore, we were particularly interested to learn more about the microporous structure of prepared copolymers. The specific surface area and the mean pore radius of the prepared polymer matrices and polymer-supported palladium catalysts were measured and evaluated by the BET method ( The important feature of these materials was their microporous structure. The pores S/DVB/NVP copolymer were concentrated in a narrow band ~35 nm in diameter. The lower surface area S/DVB/VI copolymer had pore size distribution with the majority of the pores ~18 nm. For both copolymers immobilization of palladium precursor resulted in a similar loss in surface area and corresponding decrease in mean pore diameter. A further loss in area occurred after reduction of supported precursors with NaBH 4 .
The characterization of palladium distributions on the surface of catalysts and nanoparticles size distributions were performed with scanning electron microscopy SEM and energy-dispersive X-ray spectroscopy (EDX) (Fig. 5 and 6 ). The mean nanoparticle size for each sample was determined by counting the size of approximately 200 palladium particles from several SEM images. X-ray microprobe showed that Pd(0) is homogeneously dispersed throughout the particles of the both polymer supports. However different metal particle size distribution influenced by morphology of the support and different reduction methods, can be an explanation for the unequal catalyst performances. The decrease of mean size of nanoparticles from 25 nm to 12 nm for S/DVB/NVP and S/DVB/VI, respectively, may be explained by the steric restrictions imposed by microporosity of supports.
Fig. 6. SEM micrograph and EDX Pd-mapping of the surface of the S/DVB/VI-[PdCl 2 (Ph(CN) 2 ] catalyst after 2 nd use.
Catalytic test
The effect of the structure of polymer support on the catalyst activity and the reaction selectivity was examined in the hydrogenation of cinnamaldehyde. The selective hydrogenation of , -unsaturated carbonyl compounds to their corresponding unsaturated alcohols is an important step in the preparation of various fine chemicals such as fragrances for the perfume industry. The catalytic hydrogenation of , -unsaturated aldehydes to produce unsaturated alcohols is a difficult challenge because the hydrogenation of an alkene double bond catalyzed by noble metals is thermodynamically and kinetically more favored over the hydrogenation of a carbonyl group. The hydrogenation of cinnamaldehyde can give rise to three products, namely hydrocinnamaldehyde (HCALD), cinnamyl alcohol (CALC), and hydrocinnamyl alcohol (Scheme 2). Table 3 lists the results of the liquid phase hydrogenations of cinnamaldehyde at 50 bar pressure and 80 o C. Both particle metal-support interactions and size effects have been shown to enhance the selectivity of the reaction. Depending on the reduction method a strong variation in the catalytic behavior was observed. Compared to the catalyst reduced before reaction with NaBH 4 , metal complex reduced during hydrogenation reaction yielded twice higher activity on average. The selectivity of the examined palladium catalysts is strongly dependent on the kind of functionality which is built in the polymer support -type of binding groups in terpolymer. Hydrocinnamyl alcohol (HCALC) is formed predominantly by the consecutive hydrogenation of cinnamaldehyde (CALD) and hydrocinnamaldehyde (HCALD) in the presence of S/DVB/VI-supported palladium catalysts, whereas S/DVB/NVP systems, yields mainly hydrocinnamaldehyde (HCALD).
Scheme 2. Hydrogenation of cinnamaldehyde
Tab. 3. The hydrogenation of cinnamaldehyde over the polyamide S/DVB/VI-and S/DVB/NVP-supported palladium catalyst.
Catalyst
Run Such a difference in selectivity can be ascribed to the strong metal-support interaction that exists between palladium and imidazole functionality, which is considered as better electron donating moiety than pyrrolidinone ring. This was confirmed by XPS measurements data which show that the BE for the Pd 3d 5/2 attached to S/DVB/VI is lower than that observed for Pd-supported on S/DVB/NVP polymers. The lower BE peaks indicate that electron density around nitrogen atoms of vinylimidazole rings incline to transfer to Pd atoms, implying strong interaction between metal and support. This was verified by the semi-empirical PM3 calculations using Gaussian 03W.
For both catalytic systems, reduced during hydrogenation reaction, the catalyst selectivity towards cinnamyl alcohol (CALC) was decreased after each catalytic cycle. The high electron density on palladium precursor catalytic sites, lowering the probability of C=C activation and polarizing the C=O for nucleophilic attack on the carbon atom by hydrogen dissociated on neighboring palladium atoms. Thus, supported palladium complex PdCl 2 (PhCN) 2 catalysts have been found to give poor selectivity to cinnamyl alcohol (CALC) after subsequent use, due to the reduction of the supported precursor. It was confirmed by low selectivity of catalyst reduced with sodium borohydride before catalytic tests. The least selectivity with respect to cinnamyl alcohol was determined with the S/DVB/VI-Pd(0) system prepared by reduction with NaBH 4 . Additionally, cinnamyl alcohol (CALC) is strongly adsorbed on the Pd(0) catalyst surface and may undergo isomerization to the hydrocinnamaldehyde (HCALD). The catalyst selectivity seems also depends on the size distribution of the metal nanoparticles. Larger palladium nanoparticles (25 nm) created on S/DVB/NVP-Pd(0) systems with a pore size of ~35 nm, were found to give higher selectivity to cinnamyl alcohol (CALC). This has been attributed to steric effects, where the phenyl group prevents the close approach of the C=C to the surface of a large particle so that the molecule is tilted with C=O closer to the surface and therefore more easily activated. There is no such barrier to the approach of the phenyl group to a small particle and, therefore, the selectivity to CALC is low.
Catalyst stability
The stability of the supported catalyst was tested during repeated catalysis runs. The data obtained are given in Table 3 . Recycling the immobilized palladium catalysts five times demonstrated their high stability despite the changes that occur in their structure during the catalytic reaction. Time-of-flight secondary ion mass spectrometry (TOF-SIMS) was applied to the investigations of deactivation process and allowed to observe a deterioration of Pd distribution on the surface of catalyst after reaction in comparison with the fresh sample. TOF-SIMS method permits the evaluation of the chemical composition of the catalyst surface, the nature of interactions between metallic phases and supports as well as the distribution of metal or other catalyst components on the surface. However, the quantitative analysis by TOF-SIMS technique is relatively difficult. TOF-SIMS may be very useful in the studies of catalyst deactivation processes. In such a case changes in the composition of the upper layer of the investigated surface (formation of new compounds, increase in the quantity of various contaminants and catalyst poisons) can be determined. Owing to TOF-SIMS considerable drop in the amount of surface accessible Pd was observed for both type of prepared catalysts, after hydrogenation reaction in comparison with the fresh samples (Table 4) . It was confirmed by AAS measurements. As Table 4 shows the drop of Pd content was at safe level and does not affect the catalysts activity. Some metal leaching is often observed when supported catalysts are employed, usually higher in the first two runs and lower in the next ones. It mostly comes from the detachment of the weakly bound metal species via, for example, physical forces. These are still present after washing catalyst during the preparation procedure. Thus, apart from reduction of immobilized complex, the palladium leaching may be also the key factor responsible for selectivity changes during first two runs. Consistent with this rationale were the results of repeated catalyst use, where from 3 rd run, a fairly stable selectivity was observed. High reproducibility of catalysts despite the Pd leaching can be also explained by often reported enhancement of the activity for catalyst containing mixed valence states of Pd(II) and Pd(0) [27] . More investigation of the Pd elution and its effect on the selectivity and reactivity of the catalysts, will be reported at a later stage.
Conclusions
The results demonstrated that the prepared polymers meet the requirements for organic supports in that they can be readily synthesized in a form suitable for heterogenization of metal complex catalysts and do not need any further functionalization. The type of binding groups in terpolymer can greatly affect the selectivity of the polymer supported complex catalyst. Also, the changes in reaction selectivity closely followed the changes in size of palladium nanoparticles, which depends on the morphology of polymer matrix and the reduction procedure. The supported palladium catalysts studied here appeared to be highly effective for the hydrogenation reaction. The activity and stability of the polymer bound palladium catalyst after five recyclings were satisfactory while the selectivity of the catalytic systems gradually decreased. Future work will be devoted to the application of these catalysts for other reactions, where catalytic sites are not present in the reduced form.
Experimental part
Morphology studies
The morphology of samples was investigated with a scanning electron microscope JEOL 5500 LV, working in high vacuum and accelerating voltage of 10 kV. Energy dispersive X-ray microscope (SEM-EDX), JEOL JSM 840A, Japan, was used to observe the elemental distribution. The white points in the figures denote Pd atoms. The specific surface area of terpolymers and supported catalysts was measured using a dynamic nitrogen desorption method on a Sorptomatic 2000 (Carlo Erba) instrument.
Study of Pd leaching
The amount of platinum loaded in the support was analyzed by AAS method with a Perkin Elmer 3030 atomic absorption spectrometer. A sample of a polymer supported catalyst was heated up to 600 o C and then dissolved in aqua regia. The resulting solution was diluted and assayed by AAS. TOF-SIMS measurements were performed using an ION-TOF GmbH instrument (TOF-SIMS IV) equipped with 25 keV pulsed Bi + primary ion gun in the static mode (primary ion dose about 1.5 × 10 11 ions/cm 2 ). The analyzed area corresponds to a square of 500 × 500 μm in the case of secondary ion mass spectra collecting and surface imaging. For each sample three spectra from different surfaces areas were made. To obtain the plain surface of catalysts (then better mass resolution could be achieved), powder samples were tableted before the measurements. In order to compare the quantity of palladium present on the surface of "fresh" and "used" catalysts, the number of counts of selected ions obtained from collected mass spectra was normalized on the basis of the value of total counts.
Spectroscopy characterization
The FT-IR spectra were measured by BIORAD spectrophotometer in an air atmosphere. For the infrared measurements a small portion of the polymer was ground cryogenically to a fine powder, mixed with KBr powder and pressed into a pellet. The solid 13 C NMR spectra were obtained with Bruker 500 MHz spectrometer. Elemental analysis was performed using EuroVector 3018 analyzer.
XPS measurements were made on a VG ESCALAB 210 spectrometer with Mg K α (hν=1253.6 eV) excitation from an X-ray tube (reduced power 10 kV, 10 mA). The pressure in the spectrometer chamber was about 5 × 10 -9 mbar. Samples were pressed to pellets under a pressure of 100 kbar for 10 min before these measurements. The C 1s, N 1s, O 1 s, Cl 2p and Pd 3d core level spectra were recorded. The analyzer pass energy was set at 20 eV. A take off angle of 90 o was used in all XPS studies. Curve fitting was performed using the ECLIPSE data system software. This software describes each of the components of a complex envelope as a Gaussian-Lorentzian sum function. The background was fitted using non-linear model function proportional to the integral of the elastically scattered electrons (Shirley backgrounds). All binding energies (BEs) were referenced to the C 1s neutral carbon peak at 284.6 eV.
Materials
Styrene
(Fluka), divinylbenzene (Aldrich), N-vinylpyrrolidinone (Aldrich), 1-vinylimidazole (Merck), toluene (Aldrich) were purified by vacuum distillation under nitrogen atmosphere before use. 2,2'-Azobisisobutyronitrile (AIBN, Fluka) was recrystallized from ethanol prior to use.
Polymerization
Terpolymers S/DVB/VI and S/DVB/NVP were synthesized under conditions of freeradical initiation in the presence of 2,2'-azobisisobutyronitrile (1.0% of the monomer weight). A mixture of 50 mol % of styrene, 25 mol % of divinylbenzene and 25 mol % of 1-vinylimidazole or N-vinylpyrrolidinone was heated in boiling acetone (b.p. 56 o C) with stirring for 8 h. The resulting copolymers were purified from unreacted monomers by repeated washing with methanol and acetone an dried under reduced pressure to a constant weight. The yield was 69% for S/DVB/VI and 63% for S/DVB/NVP. The contents of each moiety in the terpolymers were obtained by elemental analysis, which agreed with the findings obtained from 13 C NMR spectra, the S:DVB:VI and S:DVB:NVP molar ratios were 2:1:1 and 2:1:0.5, respectively.
Catalyst preparation
A typical procedure was followed. To a known amount of polymer matrix (0.1 g) in a round-bottom flask, a known amount of PdCl 2 (PhCN) 2 dissolved in 10 ml of toluene was added. The mixture was stirred at room temperature for 2-3 days when all the Pd complex had reacted with the polymer. The yellow product was filtered off, extracted with toluene under nitrogen to remove complex that was non-chemically bound to the polymer and finally dried under vacuum. For all supported catalysts the Pd content was fixed at ~0.07 mM/g which was below the metal uptake capacity for a polymer. The dry catalysts could be stored in air for many months without change. The Pd content was determined by AAS spectroscopy.
Pd(II) reduction to Pd(0) in supported catalysts
Typically 1 g of polymer supported PdCl 2 (PhCN) 2 precursor was left to swell in the least amount of ethanol for 6 h, after which time it was rapidly poured into 50 ml of an aqueous solution of NaBH 4 (35 .
10
-2 mol/l) under vigorous stirring. After 2 h the darkgrey material was filtered off and washed with ethanol and dried under vacuum up to constant weight of the sample.
Catalytic tests
The reactions were carried out in 100 ml Parr microreactor model 4593 with glass liner. The typical hydrogenation run was as follows. The reactor was charged with 0.2 g of supported palladium catalyst, 5 ml of 96% ethanol, 0.25 ml of toluene and 0.25 ml of cinnamaldehyde. The reactor was flushed several times with pure hydrogen and then the hydrogen pressure and temperature were adjusted to the required level, 50 bar and 80 o C, respectively. The composition of the samples was analyzed by GC. The reaction products were quantitatively analyzed by gas chromatography (GC) on a Hewlett-Packard 5990 II gas chromatograph equipped with a thermal conductivity detector. The GC column was HP-50+ (crosslinked 50% Ph Me silicone) 30m x 0.63mm x 1.0µm film thickness. The product were identified by matching their retention times with those of authentic samples.
Catalyst recycling
In the recycling tests, when reaction was complete, the catalyst was filtered off from the reaction mixture, washed with 3 x 25 ml of toluene, dried vacuum and used for the next reaction.
